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Abstract 

The Mn cluster complexes Mni 2 (RCOO)i 6 (H 2 0)40i2 with R = CH 3 and 2ClPh 
(hereafter referred to as M1112 acetate and Mni 2 2-C1 benzoate, respectively) exhibit 
macroscopic magnetic quantum tunneling. Dynamical magnetic measurements in- 
dicate for both samples that the anisotropy energy barrier is nearly the same and 
that the relaxation times have sharp minima at the same resonant fields. However, 
we show that for both compounds a minority portion of the clusters does not un- 
dergo this main relaxation process. From ac-susceptibility experiments, we report 
evidence of a continuous distribution of faster relaxation times, giving rise to a sec- 
ond relaxation regime. The zero-field effective relaxation times of such a distribution 
follow an Arrhenius law with energy barrier of approximately 23 and 30 K for the 
acetate and the benzoate, respectively. In the case of Mni 2 2-C1 benzoate, the field 
dependence of the effective relaxation time points towards the existence of spin tun- 
neling with H z = being a resonant field. The existence of a broad distribution of 
energy barriers is corroborated in magnetization experiments by the observation of 
logarithmic relaxation at short times. 
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At present there is a considerable interest in Mn 12 complexes because they can 
exhibit macroscopic quantum tunneling of the magnetic moment (QTMM). 
The most thoroughly studied Mn 12 complex exhibiting QTMM is the com- 
monly known as Mn 12 acetate, first synthesized by Lis [1]. The large-spin 
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(S = 10) ground state together with an appreciable magnetic anisotropy re- 
sults in a barrier for reversal of the direction of magnetization. Steps in the 
hysteresis loop [2] and sharp minima in the field dependence of the relaxation 
time deduced from ac-susceptibility measurements [3] have proven the exis- 
tence of magnetic quantum tunneling processes in Mni 2 acetate. However, low 
temperature magnetization experiments in Mni2 acetate have given contradic- 
tory results concerning mainly the relaxation rate [4-7] . Several authors have 
pointed out that there is a magnetic minority component in almost all Mn 12 
complexes, different from the well studied main component, which undergoes 
fast relaxation in the 2 K region [8-11]. Since any relaxation observation is 
dominated at each temperature by the fastest process, it is of paramount 
importance to ascertain which is the magnetic species that is observed in a 
particular relaxation experiment. Our goal is to clarify this point in the tem- 
perature region of 2 K, where the minority species relaxes most effectively, 
and which is the dominant mechanism of the relaxation process. 

In this letter, we present low temperature ac and dc experiments on ori- 
ented crystallites of [Mn 12 (CH 3 COO) 16 (H 2 0)40 12 ]-CH 3 COOH4H 2 0, that is 
the commonly known as Mn 12 acetate, and on single-crystal [Mn 12 (2ClPh- 
COO)i 6 (H 2 0) 4 12 ]-CH 2 Cl 2 -5H 2 0, hereafter referred to as Mn 12 2-C1 ben- 
zoate [12]. The magnetic core and the local symmetry of each molecule are 
the same in both compounds. However, in contrast to Mni 2 acetate, the easy 
axes of Mni 2 2-C1 benzoate molecules lie alternatively on the directions [Oil] 
and [Oil], being nearly perpendicular to their nearest neighbors. The magnetic 
measurements here presented were performed in a commercial SQUID mag- 
netometer with an ac-susceptibility measurement option. The external field 
and the ac-field were applied along the easy axes of the molecules in the Mni 2 
acetate and along one of the [Oil] and [Oil] directions, that is, along the easy 
axes of one half of the molecules in the Mn 12 2-C1 benzoate. The amplitude 
of the ac-field was 4.5 Oe in all the experiments and the frequency / was var- 
ied between 0.1 and 990 Hz. In the relaxation experiments, the samples were 
firstly saturated with a magnetic field of 5 T. Then the field was reduced to 
zero and the magnetization started to be recorded with a delay time of about 
5 minutes. 

Figure 1 shows the out-of-phase ac-susceptibility of Mn 12 acetate and Mn 12 2- 
Cl benzoate as a function of the temperature. For both samples, a clear peak is 
observed in the temperature range 4 to 9 K. A detailed experimental study of 
the magnetic relaxation in this temperature range has been presented by some 
of us in Ref. [3] for the acetate and in Ref. [13] for the benzoate. One of the 
main findings is that, at zero applied field, the temperature dependence of the 
relaxation time follows an Arrhenius law, r = tq exp (LI/hsT), with U ~ 65 K 
for both compounds and To ~ 3 x 10 -8 s for the acetate and tq ps 10~ 8 s for 
the benzoate. At fields below 1 KOe, it is also shown that in the benzoate the 
tunneling takes place approximately through the same states as in the acetate. 
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As shown in the inset of Fig. 1, another peak can be observed at temperatures 
below 4 K for both samples. Even though its height is an order of magnitude 
smaller than the height of the main peak, it is well defined. The existence of two 
peaks in the out-of-phase ac-susceptibility of Mn 12 complexes has been already 
observed [8-11]. Notably, the relative heights depend strongly on the sample 
batch and history. However, to the best of our knowledge, a detailed study of 
the frequency dependence of the smaller peak is missing in the literature. In 
the rest of this letter, we will focus on the magnetic relaxation which gives 
rise to this smaller peak. 

If the thermal energy is less than the effective energy barrier for reversal of 
magnetization direction, then a maximum in the out-of-phase ac-susceptibility 
is seen when the frequency equals the rate of magnetization reversal. The re- 
laxation time constant r can be determined from the measured susceptibilities 
by plotting x"^) versus x f ( u ) m so-called Argand diagrams [14]. This plot 
yields a semi-circle if only one relaxation time is involved. The relaxation time 
is found as the inverse angular frequency at the top of the semi-circle. Fig- 
ure 2 shows an example for each sample of zero-field Argand diagram of data 
collected at T = 1.7 K, that corresponds to the region of the smaller peak of 
Fig. 1. The continuous lines are the fits to a semi-circle dependence. In the 
case of the Mni 2 2-C1 benzoate, at high frequencies, the experimental data 
deviate from the fit and increase, indicating the presence of, at least, another 
faster relaxation process at frequencies exceeding the limit of our instrument. 
On the contrary in the case of the Mn 12 acetate, the frequency window of our 
instrument allows us to fit to a semi-circle the data corresponding to higher 
frequencies, while a strong deviation is found at low frequencies. Moreover, in 
both cases, most of the data lie in a strongly flattened semi-circle. Such a be- 
haviour is typical of a continuous distribution of semi-circles and, consequently, 
of a continuous distribution of relaxation times. Effective time constants can 
be obtained from the reciprocal angular frequency at maximum absorption, 
but one has to realize that these times give only an average value [14]. The 
zero-field relaxation times so obtained together with the ones of Ref. [13] are 
collected in Fig. 3. In the temperature range 1.7 to 2.2 K, the relaxation times 
can be approximated by an Arrhenius law with characteristic energy U ~ 23 K 
and w 30 K and pre-exponential factor t 1CT 9 s and 2 x 1CT 9 s for the 
acetate and the benzoate, respectively. 

The field dependence of the effective relaxation times is particularly interest- 
ing. The experimental points of Fig. 4 have been obtained, as previously done, 
by fitting the Argand diagrams of the data measured at different fields and 
at T = 1.7 K (acetate) or T = 2.0 K (benzoate). Again, evidences of slower 
(for the acetate) and faster (for the benzoate) relaxation processes are found 
for all applied fields. The striking feature of Fig. 4 is that the relaxation times 
of Mni2 2-C1 benzoate are not simply decreasing as expected from a classical 
behaviour. In contrast, they increase for fields up to 750 Oe and decrease for 
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higher fields. The imaginary component of the ac-susceptibility found at fields 
higher than 1.5 KOe is too small to obtain reliable results from the analysis 
of Argand diagrams. 

The experimental data taken from the frequency window of our ac-measu- 
rements, thus far reported, can be summarized in the following way. First, 
for 3.8 K < T < 6.0 K, a large portion of the total magnetization relaxes 
exponentially with a characteristic time T\ oc exp (JJ\/knT) varying between 
1 s and 1CT 3 s, respectively, for the acetate, and 4 x 1CT 1 s and 5 x 1CT 4 s, 
respectively, for the benzoate, and with an effective energy barrier Lq ~ 65 K 
for both samples. Second, for 1.7 K < T < 2.0 K, a small portion of the 
total magnetization relaxes exponentially with an effective relaxation time 
r 2 oc exp {Uz/ksT) varying between 2 x 10~ 3 s and 6 x 10~ 5 s, respectively, 
for the acetate, and 10 _1 s and 5 x 10~ 3 s, respectively, for the benzoate, and 
with effective energy barriers U 2 ~ 23 K for the acetate and U 2 ~ 30 K for the 
benzoate. Third, by applying a field, t 2 (H z ) in the benzoate has a maximum 
at H z ^ 0. 

In the case of Mn i2 2-C1 benzoate, the behaviour of t 2 (H) at T = 2.0 K 
(Fig. 4) provides clear evidence of the existence of quantum tunneling between 
excited states with H z = being a resonant field. When the field increases, 
the tunneling becomes progressively blocked and, consequently, the relaxation 
becomes slower. The field dependence of the energy barrier for uniaxial mag- 
netic anisotropy is given by U(H)/U(0) = (1 — g nv,H / '2D 'S) 2 , where D is 
the anisotropy energy constant. For a comparison, Fig. 4 shows also the es- 
timated dependence of the relaxation time t 2 {H) = r exp (U 2 (H)/k-QT) for 
classical over-barrier hopping calculated for r = 2 x 10~ 9 s, D = 0.35 K and 
S = 10, that gives rise to a zero-field energy barrier U 2 (0) = DS 2 = 35 K. The 
fact that the experimental data deviate from the theoretical curve at higher 
fields points towards the existence of another minimum and, consequently, to 
another resonant field. On the contrary in the case of the Mni2 acetate, no 
evidence of magnetic quantum tunneling is found from the field dependence 
of r 2 (Fig. 4). The data are well described by classical over-barrier hopping 
with t = 10- 9 s, D = 0.25 K and S = 10. 

As outlined above, the presence of secondary fast relaxation processes may be 
associated to a minority portion of the Mni 2 clusters. A rough estimate of the 
relative number of clusters experiencing faster relaxation can be deduced by 
considering the out-of-phase susceptibility given by 



■n , vr n ( J 2) J 2) \ , ,<r 

x " {u}X) TT^f + TT^I ' (1) 



where the indices 1 and 2 refer to the majority and minority species, respec- 
tively, and rii is the relative amount of the species i, uj = 2irf, n 2 — 1 — ni, 
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Ti = T^exp(Ui/k-BT) and Xr an d Xs? are the isothermal and the adiabatic 
susceptibility, respectively. Plotting Eq. (1) as a function of the tempera- 
ture, x//(u;,T) has two peaks centered at T^ x , where wt^TjWJ 1, with 
i = 1,2. Considering the experimental values of x ff ( u = • 620, T^ x ) 
and the estimated Tj(T^ x ), and assuming, as a first approximation, that 

(x? -Xs 1} ) -T£L = (Xt-X?)-T^, we obtain, using Eq. (1), n 2 (acetate)^ 
0.05 and n2(benzoate)~ 0.01, that is approximately 5% and 1% of all clus- 
ters of acetate and benzoate, respectively, do not undergo the main relaxation 
process. 

The presence of such fast processes may pass undetected in magnetization 
measurements, since, in a typical experiment, the relaxation of the magneti- 
zation begins to be recorded only after a time that is longer than the decay 
times of the secondary relaxation processes. However, careful relaxation mea- 
surements close to the saturation show that, during approximately the first 
1000 s at 2.0 K and up to 2000 s at 1.7 K, the data are well fitted by straight 
lines if plotted as a function of the logarithm of the time (Fig. 5). Logarith- 
mic decay of the magnetic moment can be explained in terms of a continuous 
distribution of energy barriers [16]. In this way, we have again evidence of 
a minority species relaxing faster and with different DS 2 as observed in the 
frequency window of our ac-experiments. Indeed, in Mn 12 acetate at temper- 
atures lower than 2 K, evidence of faster relaxations has been detected in 
Ref. [6] by the extrapolated zero-time magnetizations which turn out to be 
temperature dependent. While, at longer times the relaxation follows a square 
root time dependence as we have observed in both samples (insets of Fig. 5). 

Recently, very low temperature magnetization experiments have shown that 
the relaxation of Mn 12 acetate has logarithmic time dependence. [7]. Such a 
behaviour was explained considering that the dipolar field is changing as the 
system relaxes. It was argued that the dipolar field of tunneled spins remove 
from resonance excited states close to the top of the energy barrier. On the 
other hand, we underline that the main effect of dipolar fields is rather to 
hinder the tunneling through the lower energy states that have a tunneling 
splitting much smaller than that of the excited states closer to the top of 
the barrier. Therefore, the mechanism of dipolar fields would be most effec- 
tive in destroying tunneling near resonance where several tunneling channels 
contribute to the relaxation. Even though the relaxation proceeds through 
several resonant channels, only one relaxation time can be associated to each 
molecule [17]. A distribution of relaxation times could then be associated to 
different clusters experiencing slightly different local fields. Let us suppose 
that the secondary peak, related to the faster relaxation process, observed in 
the out-of-phase susceptibility, arises from those clusters in which the small 
local field allows the tunelling to proceed through lower energy states. Then, 
this secondary peak should be much more sensitive to an applied field than in 
the case when the peak arises from the tunneling of a minority species with 
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different DS 2 . In fact, by destroying the resonance, the field should shift the 
secondary peak towards the main peak at higher temperature. However, we 
observe that the secondary peak in the out-of-phase susceptibility does not 
move to higher temperature when a field of 500 Oe is applied, that is, when 
the system is off resonance. As a consequence, it seems more probable that the 
origin of the logarithmic decay can be associated to the existence of minority 
species having different energy barriers. 

What could be the possible origin of these secondary species? A first possibility 
could be due to a minority portion of the Mn 12 clusters with a different value 
of S for the ground state. There has been some evidence for S = 9 Mni2 
complexes from variable-field magnetization studies [11]. In this case, from the 
zero- field splitting DS 2 , the effective energy barrier decreases. However, taking 
D = 0.6 K as estimated from ESR experiments [18] for the clusters relaxing 
around 5 K, we obtain an energy barrier much higher than the one that we 
estimate in this paper. Consequently, we should expect either a spin value 
S < 9, or, as a second possibility, a lower axial anisotropy value. The latter may 
be the case if one of the Mn ions presents the Jahn- Teller distortion along a 
direction perpendicular to the main anisotropy axis [19]. Both possibilities can 
coexist and perhaps arise from clusters lying near the surface. Therefore, the 
results here presented may depend strongly on sample shape and dimension. 
In this scenario, the greater relative amount of the secondary species and its 
broader distribution of relaxation times observed in the sample of acetate, 
constituted by oriented crystallites, than those observed in the single-crystal 
sample of benzoate, can be naturally explained. 

In conclusion, we have reported direct evidence of multiple processes of mag- 
netic relaxation in Mn 12 acetate and Mn 12 2-C1 benzoate by ac-susceptibility 
and magnetization measurements. We have shown that in both samples a mi- 
nority portion of the clusters relaxes faster than the other ones and that its 
different relaxation arises from a broad distribution of energy barriers lower 
than that of the majority portion. With the use of ac magnetic measurements, 
we have estimated the relative amount of these minority species together with 
the temperature and field dependences of their effective relaxation times. In 
the temperature range of 2 K, we have shown that the relaxation of the sec- 
ondary species is the dominant one in relaxation experiments, at least at short 
times. In the case of Mn 12 2-C1 benzoate, we have also shown that the minority 
species experiences spin tunneling between excited states at zero applied field. 
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Fig. 1. Plot of the zero- field out-of-phase (imaginary) susceptibility versus temper- 
ature collected at / = 620 Hz for Mni2 acetate (•) and for Mni2 2-C1 benzoate (o). 
In the inset, the magnification for 1.5 K < T < 4 K. The lines are visual guides. 

Fig. 2. Zero- field differential susceptibilities in the complex plane at T = 1.70 K for 
Mni2 acetate (•) and for Mni2 2-C1 benzoate (o). The data are normalized with 
their respective isothermal values. The lines are the fits to semi-circles. 

Fig. 3. Semi-logarithmic plot of the zero-field relaxation times of Mni2 acetate 
(squares) and Mni2 2-C1 benzoate (circles) with data taken from Ref. [13] (filled 
symbols), and from the present work (open symbols). The straight lines are the 
Arrhenius fits. 

Fig. 4. Experimental dependences of the minority species relaxation times on the ap- 
plied field at T = 1.7 K for the Mni2 acetate and at T = 2.0 K for the Mni2 2-C1 ben- 
zoate. The continuous lines are the estimated dependences for classical over-barrier 
hopping calculated for T = 1.7 K, r = 2 x 10~ 9 s, D = 0.35 K, S = 10 and 
T = 2.0 K, t = 10~ 9 s, D = 0.25 K, S = 10, for the acetate and the benzoate, 
respectively. 

Fig. 5. Time decay of the magnetization, measured at zero applied field after satu- 
ration for the indicated temperatures, plotted as a function of the logarithm of the 
time for the Mni2 acetate (a) and the Mni2 2-C1 benzoate (b). Straight lines are 
linear fits. In the insets: same data but plotted as a function of the square root of 
the time. 
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